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ABSTRACT 
The Department of Chemica l a nd Meta l l urgical Engi-
neering a t  The University of Ten nessee.has been conducting 
st udies of a noma lous changes in the specific hea t  in certain 
a l loy systems by dyna mic, a diaba tic ca lorimetry since 1956. 
This investiga tion wa s a contin ua tion of those st udies. 
Recent investiga tors ot the a l loy system nickel-
pa l la dium have suggested tha t this system e�hibits some 
type of config ura tion ordering. Therefore, it was decided 
to determine the specific heat of.nickel-50 a tomic per 
cen t pa l la dium. from 1000 to.700°C. in order to ascerta in 
if a ny a noma lous cha nges take place in this tempera ture 
ra nge. Another investiga tor in this Depa rtment is a lso 
studying the �-ra y diffuse sca t tering from a single crysta l 
of nicke l-50 a tomic per cent pa l ladium. 
The absolute accura cy a nd.interna l_reproducibility 
of the equipment used for-this-investiga tion were obtained 
by determining the specific hea t ot pure a l uminum from 100° 
to 630oc. The da ta agreed e�tremely wel l  with prior re­
ported.da ta.below.4500C. and.bad.an interna l reproducibility 
of bet ter than � 1 per cent over the entire tempera ture 
range investiga ted. The specific beat of a l uminum ma y be 
determined quite accura tely from.the fo l lowing equa tion 
iii 
iv 
Cp(jou les/gm.-0c.) = 0.8473 + (0.6147 x lQ-3)T + (0.0349) T
� 
where T is the temperature in degrees centigrade. 
A simp le Debye model, corrected for electronic 
contributions, was used to approximate a reference specific 
heat in order to determine.energies associated with ano-
ma lous specific heat beha vior. An anoma lous rise in the 
specific hea t  of nicke l-50 a tomic per cent pa l ladium wa s 
noted in the temperature range 380o to 480°C. Th e hea t  
effect associated with this rise .. was o f  the order ot 2.25 
jou les per gram. Va ria tions in the rise with heating rate 
and prior therma l history were rema rkably simila r to those 
for al loy systems exhibiting loca l ordering. It wa s 
therefore concl uded that the a l loy system nickel-palladium 
exhibits some form of loca l order belo.w 4000C. 
The heat effect due to ferroma gnetic disordering 
\ . occurre� a t  l7SOC. a nd wa s found to be insensitive to the 
a mount of order present. 
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INTRODUCTION 
Al lov systems in which local order exists have been 
extensively  studied in recent years, and th ese studies have 
increased greatly  th e understanding of th e effect of loca l­
ordering on th e ph y sica l, mechanical, and thermodynamic pro­
perties of th ese alloy sy stems (9,14,26). 
At th e present time, in the Department of Chemical 
and Metal l urgical Engineering at The University of Tennessee, 
studies of th e ph enomenon of order-disorder in severa l al loy 
systems are being made through x-ray diffuse scattering, 
el ectrical resistivity, and specific h eat anoma lies. This 
investigation is a continuation of th ese studies. 
So that th e reader may understand th e basis for 
research on the nickel-pal ladium system and the interpre­
tation of th e results, th e author has divided his intro­
ductory remarks into two sections. Th e first section reviews 
previous experimental work on th e nickel-pa l ladium system 
and th e concl usions reach ed by th e investigators. Th e 
second s ection is a rath er brief introduction into th e 
1 
th eory of specific hea t s  with a n  emph a sis pla ced upon the 
effec t s  of order-disorder reactions on th e specific hea t. 
I. REVIEW <F PREVIOUs WORK 
Ba sed on th e x-ra y diffraction studie s of Hu l tgren 
2 
a nd Zapffe' (18), th e a l loy sy stem nickel -pa l ladium h a s  been 
genera l l y  a ccepted to be a contin uou s series of so lid so l u tion s. 
Ba ck-ref l ection powder pa tterns were ma de by Hul tgren a n d  
Zapffe from powder samples o f  a serie s o f  w el l  homogenized 
a l loy s. The la t tice pa rameters ca lculated from th ese 
pa ttern s showed a uniform va ria tion with composition a nd 
a positive devia tion from Vega rds law. Th ere wa s no dis­
cernable evidence in the se pa t tern s of compounds, super­
la ttices or miscibilit y gap s .  
Recen t l y, severa l Russia n investiga tors (1,27,31) 
have concl uded from a noma lous e lec trica l a nd ma gnetic be­
havior tha t super la t tices exist a t  th e stoichiometric 
compositions NijPd a nd NiPd3• · However, electrica l a nd 
ma gnetic a noma lies do not unique l y  define a cry sta l lographic 
a rra ngemen t  a nd, therefore, such resu l t s  mu st be viewed as 
indirect evidence for th e existence of a cer tain type of 
a tomic a rrangemen t. Th e x-ra y  diffra ction resu l t s  cited 
above (18) do not suppor t  th e Russia n observa tion s, but 
pre limina r y  e lectron diffra ction work by Na ga sawa (28) doe s  
3 
suppor t  their conc lusion s .  
Ya zliev (42) mea sured th e e lectrica l resistivit y of 
nicke l -pa l la dium a l loys  in the tempera t ure ra nge of oo-7oooc . 
with pa rticula r a t ten tion to th e stoichiometric composition s 
Nigpd a nd NiPd3 . At a l l tempera t ures th e re sistivity curves 
a l tered gen t l y  with compositions, having a form cha ra cter­
istic of a con tinuou s series of solid sol u tion s .  
Bidwel l  a nd Speiser (2) obtained the rela tive th ermo­
dyna mic proper ties of solid nicke l -pa l ladium a l loy s from 
measurement s  of the reversible potentia l of the so lid 
ga lva nic cel l  
PtiNi,Ni0\0 . 85 zro2, 0 . 15 CaO t Ni-Pd, NiOIPt 
a s  a function of composition a nd tempera ture.  Composition s  
ra nged from 10 to 90 a tomic per cent pa l la dium over the 
tempera ture ra nge 7ooo-12000C . Crude estima tes  of th e 
ma gn etic, el ectronic, a nd la ttice vibra tiona l con t ributions 
were made a nd these were subtrac ted from th e tota 1 th ermo­
dy na mic qua ntities to yield the configura tiona l l y dependent 
fa ctor s .  Th e excess en tropy and entha lpy of mixing wer e 
n ega tive a nd a ssymetric towa rd pa l ladium�rich sol u�ions, 
which, if con sidered in terms of quasich emica l th eory, 
indica tes a teDdency towa rd shor t-ra nge·order a t  el eva ted 
t empera t ures a nd the pos sibility ot long-ra nge order a t  
much low er tempera tures .  
I t  should be noted tha t th e conc lusion s rea ched by 
Bidwell  a nd Speiser were ba sed on crude estima tes of th e 
non-configura tiona l con tribution s to th e rela tive th ermo­
dyna mic proper ties. Th eir concl usion s could be ch ecked if 
a ctua l specific bea t da ta were a va ilable from which to 
make an a ccura te estimate of th ese non -configura tiona l 
contribution s. 
Anoth er investiga tion (22) is curren t l y  in progres s  
4 
in this Depa rtment to determine if some type of loca l ordering 
is occurring in a nickel -50 a tomic per cen t pa l ladium a l loy. 
X-ra y diffuse sca ttering mea suremen t s  a re being made from 
a single crysta l which wil l  permit a more precise in terpre­
ta tion of th e structure than powder t echniques . Prelimina ry 
resul t s  on samples slowly cooled from 7000C.indica te loca l 
ordering to be presen t a t  room t empera ture with no long-range 
order presen t. 
II. THEORY OF SPECIFIC HEAT 
The t erm specific h ea t  deno tes the amoun t  of energy 
absorbed by a specified amoun t of materia l during an 
incrementa l rise in tempera t u·re. Th e specific h ea t  a t  
con stan t  pressure, cp, wh ich is th e va lue most common l y  
reported from experimen ta l work on solids, and th e specific 
beat at constant volume, Cv, which is the value most often 
derived in theoretical work, are quite readily related 
through classical thermodynamics by the equation 
5 
Cp - Cv = oi.PJT/(J ( 1) 
where <X is the coeficient of volume expansion, {) is the 
isothermal conpressibility, V is the volume, and T is the 
absolute temperature. 
Cp may be written as a linear combination of several 
terms, i.e., Cp =Cp (vibrational) + Cp (electronic) + 
<=p (others). Cp (vibrational) is usually the largest portion 
of the observed specific·heat at room temperature and above. 
It represents the heat absorbed by a lattice due to the 
vibration of the atoms about their respective lattice sites. 
Cp (electronic) makes a rather small contribution to the 
specific heat since it only contains the energy absorbed 
by changes in the electronic configuration of the atoms. 
Cp (others) is the contribution for such beat effects as 
vacancy formation, phase transformations, and order-disorder 
reactions. 
The most widely used theoretical model for specific 
heat calculations is that of Debye {12); he assumed that 
the atomic vibrations could be represented by the super­
positioning of acoustical waves. His original derivation 
6 
wa s for th e frequency distribu tion in an ela stic con tinu um; 
however, this deriva tion is applicabl e to a cry sta l line 
solid with th e provision th a t  it holds up to a cutoff 
frequency, y0, which is such tha t  th e tota l number of 
norma l vibra tion s ha s the correct va l ue, 3N, if N is th e 
n umber of atoms in th e solid (3) . The chief cha ra cteristics 
,, 
of th e specific hea t function deriv�d by Debye a re 
1. tha t it holds for a l l so lids, being determined 
by  one pa ramet.er 69'T where 9o is a chara c teristic 
con stan t for ea ch ma teria l, and T is th e 
abso l u te tempera ture, and 
2. wb_!!n "':
e'YT>l2, it fol lows a T3 rela tionship. 
It should be noted a t  this poin t tha t  the Debye rela­
tionship permit s th e ca lcu la tion of Cv (vibra tiona l), 
but, Cp ma y be ca lcu la t ed from equa tion (1), i:f Cp (electronic) 
a nd CP (oth ers) can be eva l ua ted .  
In Figure 1, th e tbeoretical specific hea t  o:f 
a lumin um is compa red to experimen ta l l y  determined va l ues. 
Th e th eoretica l curve wa s ca lcula ted by reducing equa tionl 
to th e form 
(2 ) 
where r is Gruniessen's con sta n t  and th e other terms 
a re the sa me a s  defined previousl y. Cv in equa tion 2 is 
u 
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the tota l specific h ea t  a t  con sta n t  vo l ume a nd it wa s 
a s sumed tha t  Cv (oth er s) = 0, Cv (la ttice) wa s given by th e 
Debye function, a nd Cv (e lectronic) wa s given by Weiss et 
a l .  ( 16) a s  
Cv (electronic ) = lT(l - � (T/T0)
2) 
10 
(3) 
where 't a nd T0 a re con sta n t s  a nd T is th e absol ute temper -
a ture. Th e rea der wil l note tha t  th ere is excel l en t  a gree­
men t between th e experimenta l da ta a nd th e ca lcula ted curve 
up to 650°K. At 650°K., th e experimenta l da ta begins to rise 
above the th eoretica l curve due to defect forma tion (a s 
discu s sed in Chapter 3). The c lose agreement over th e 
ra nge of 40�. to 650°K. denotes the rea son for a ccepting 
th e Debye function a s  a good represen tation of th e la t tice 
specific h ea t. 
Let u s  now con sider the effect of an o�der -disorder 
transition on a specific hea t  curve. Qaa siohemica l theor y 
rela tes th e existence of loca l order in a n  a l loy to th e 
bonding energies between like a nd un like pairs of a toms 
(3,10). If th e bond between like a toms is st ronger tha n  
tha t of two un like a toms, then a form ot loca l ordering 
termed clu stering is said to occur. If th e rever se is true 
a nd un like bonds a re preferred, th en short -ra nge order is 
produced. Tbis is indeed a n  over simplifica tion of th e 
p rocesses invo lved in th e forma tion of local ordering; 
how ever, it does int roduce th e reader to th e en ergetic 
rela tion ships under l ying the exist ence of ordering .  
9 
Th e tran sition from order to disorder is of neces sit y 
a n  energy con suming proces s .  If a n  a tom has a nea rest 
neighbor preference, the a tomic a rra ngemen t which fulfil l s  
this preference is th e lowest energy sta te. However, a s  
th e tempera t ure of th e sy stem i s  increa sed, th e th erma l 
vibra tions of th e a toms tend to overcome this preferred 
a rra ngement a nd the sy stem begin s to return to a state of 
randomness. This shift to a higher energy sta t e  absorb s 
h ea t  a nd ca u ses a rise in th e specific h ea t  curve above 
th e oth er energy absorbing effect s. 
Th e a noma lous behavior of th e specific·h ea t for a n  
a l loy exhibiting short -ra nge order ma y b e  seen in th e 
fol lowing example. Fig ure 2 sh ow s a sch ematic represen ta­
tion of th e specific heat curve for a n  a l loy which under-
goes a n  order-disorder transition� Th e smooth curve, abc, 
represen t s  the vibra tiona l a nd e lectronic contributions to th e 
specific h ea t  of the a l loy . The solid curve, abdg, is 
the specific hea t  of the a l loy a fter it ha s been h ea t ed 
above g a nd slow l y  cool ed. Th e dotted curve, a ebfg, 
represen t s  the specific h ea t  of the a l loy a fter being 
quench ed from above g. 
� 
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For purposes of di scussion, th e alloy wi l l  be as sumed 
to be in equi librium at Ta after s low coo li ng from above Tg . 
Upon heati ng, a poin t i s  reach ed at wh ich th e amoun t of 
�rder presen t in the sampl e  i s  above th e equi libr i um value 
and the kinetics are favor able for di sorderi ng to commence. 
Th i s  is poin t  i on Figure 2. Th e ri se in the specific h eat 
from point  i i s  due to the h eat absorbed as di sordering 
begin s. Th e r i se shown , from point  i to d ,  i s  the resu l t  of 
a h eati ng rat e  r apid enough to suppress the  kinetics  of 
th e tran s forma tion and to permi t a much l arger th an equi­
librium value of order i ng to be presen t .  At point  d, th e 
kinet ic s of th e reaction ar e such th at th i s  excess order i ng 
i s  sudden l y  removed . Peak s of th is t ype h ave been repor t ed 
by many investigat or s  (5, 21,29,36). 
Wh en a specimen h as been quench ed from above g, 
there is less th an an equi libri um amoun t ot order at room 
t emperat ure. Upon h eat ing , th e al loy order s fur th er , cau sing 
a dip in th e specific h eat curve (e in Figure 2). It 
is  a l so noted that th e di sorderi ng reaction above b i s  
smoother , wi th no ri se as noted for th e s lowly coo led samp l e .  
Th i s  i s  a res u l t  o f  th e more favorable kinetics due to 
th e quenched-i n vacancies . A simi l ar effect was noted by 
Brook s  (4} tor i rradi ated copper - al umi num. 
The con tin ued h eigh t of th e curve (h g} above th at 
£or no disordering (a bc)· is due to destruction o£ the 
rema ining loca l order. This curve should even t ua l ly 
intersect a nd fol low th e curve representing no a noma lous 
behavior . 
As wil l  be seen la ter in this paper, the foregoing 
example is indeed an excel lent practica l repre sen ta tion 
£or th e effect of short -ra nge order on specific hea t. It 
will be referred to when th e experimenta l resu l t s  a re 
presented a nd explained. 
12 
CHAP!'ER II 
BACKGROUND OF EXPERIMENTAL CALCRIMETRY 
A program in calorimetry has been in operation at 
The University ot Tennessee since 1951; consequently, the 
equipment employed tor this inYestigation is the result 
ot sixteen yea�s ot continuou. deYelopment. At present 
there are three calorimeters in operation. The specitic 
calorimeter uaed by this inYeatigator is designed tor 
operation in the temperature range l000-7000C. Since only 
minor moditicationa were made on the equipment during 
the present inYestigation, the reader will be given 
only a general aurYey ot the design and operation ot the 
calorimeter; however, any one interested in purauing 
experimental calorimetry will tind adequate details and 
dimensions in the work ot Brooks (4). 
I. EQUIPMENT 
The calorimeters which haYe been developed in the 
Department ot Che•ical and Metallurgical Engineering at 
The UniYersity ot Tennessee are of the dynamic, adiabatic 
type (.35), i.e., specitic heat measurements are mad'e 
as the specimen is being continaoualy heated in 
1.3 
an adiabatic enclosure. 
The apeciaen is a hollow cylinder approxima�ely one 
inch in diameter and three inchea long and weigha between 
one hundred and tit� and three hundred and titty grams. 
As will be shown later, it is desirable, in order to 
increase the absolute accuracy ot the data, to have the 
weight ot the sample as large as possible. A small nichrome 
wound heater is placed in the center ot the specimen with 
the two power leads extending out ot the sample tor sus­
pens ion. A voltage tap is welded to each ot the heater 
leads immediately above the sample. The beater wire is 
insulated trom the specimen by high purity aluminum oxide 
tubing. The weight ot the heater is uaually about one to 
two per cent ot the total sample weight. 
A two-inch diameter monel tube approximately torty 
inches long serYes as the primary adiabatic shield. This 
cy�inder is closed at one end with a one-halt inch thick 
layer ot silver-cast around the bottom twenty inches. This 
silver layer is grooYed tor accept ance ot the cylinder 
heating coil. It was hoped that the high thermal conducti­
Yity ot the silver would eliminate any large thermal 
gradients along this portion ot the monel tube. The 
spiral heating coil extends to and includes the closed 
endo The monel tube is inserted into a tour-inch diameter 
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tube that is embedded in a ceramic-filled can which is 
watered cooled on the outside. During operation nitrogen 
flows between the monel tube and the four-inch tube in 
order to reduce the amount of oxidation of the silver layer 
and heater windings. 
The specimen is suspended by the heater power 
leads approximately six inches above the closed end of the 
monel tube. A thin platinum disc one and five-eighths 
inches in diameter is suspended above the sample and heated 
radiatively by a coil of nichrome wire. This heater, 
termed the inner guard heater, reduces the radiative 
heat transfer to the open end of the monel tube. 
Since the top of the monel tube is water cooled, 
it was found to be necessary to place a back-up heater 
immediately above the layer of cast silver in order to 
reduce the tremendous drain of heat from the cylinder heater. 
This heater is termed the outer guard heater. 
The three heaters disoribed above, i. e. , cylinder, 
inner guard, and outer guard heaters, are maintained at the 
same temperature as the specimen. At appropriate places 
on the three heaters and the specimen are welded platinum­
platinum 13 per cent Rhodium thermocouples. The three 
heater thermocouples are compared to the specimen via a 
Dauphinee comparator circuit (37}. The Dauphinee com-
parator ci rcuit al lows al l th ermocouples to be grounded , 
thereby reducing th e possibi l i t y  of spurious e . m. f .  pickup 
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and el iminating th e cer amic in su l ator s previou s l y  employed ( 1 0) .  
Th e error signa l s  are sen t th rough microvo l t  ampli fier s 
and th ence to duration adj u st i ng type (D .A . T.) con t ro l ler s .  
Radi at i ve heat tran sfer h ad been fur th er reduced 
by brigh t l y  po l i sh ing al l surfaces includi ng th e specimen . 
Con vective h eat tran sfer.i s  elimi nated by evacuating th e 
inner ch amber to 10-4 or lQ-5 Torr.  Th e on l y  mean s for 
conducti ve h eat tran sfer i s  along th e heat er power l eads 
wh ich su spend the sampl e  • .  Th ese leads ar e of nich rome 
and are fi fteen mil s in di ameter; con sequen t l y , th e 
prob lem of conduction along th ese. leads was found to be 
negligible. ( 4) . 
I deal l y, th e sampl e  does not exch ange h eat wi th 
i t s  surroundi ngs . However , it h as been neces sar y  to 
institute  correct ion factor s fox th e non-adiabatic condi­
tion s .  Th e cor rect ion s wi l l  be di scu s sed later . 
Th e calor imet ry sample , of nickel-50 atomic per 
cent palladi um , was produced by  i nduc t i vel y me l ti ng under 
vacuum 99.95 per cen t pure nickel and 99 . 4+ per cen t pur e  
pall adium in an al umi na crucible •. The fi n al.mach i ned 
specimen was seven -eigh th s inch es in diameter and three i nch e s  
long and weighed 291 . 2  grams. Th is specimen was homo-
genized for two weeks at l05ooc. in an argon atmosphere. 
Microstructural examination revealed no evidence of 
segregation. 
II. EXPERIMENTAL TECHNIQUE 
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�lthougb Cp is defined as (dQ/dT)p, it may be approxi­
mated as (A Q/A T )p, since in most instances it is a slowly 
varying function of temperature. Assuming that the only 
source of heat to the sample is the internal heater, CP 
may be written as 
�-
Cp = (EI .6 t/M.6T) (4) 
where EI represents the average power supplied to the 
specimen during the time interval At necessary to raise 
the temperature of the sample of mass m by an. amount AT. 
During operation of the calorimeter, the temperature 
ot the specimen is measured'by one of two platinum-platinum 
13 per cent Rhodium thermb'coU.ples, the other thermocouple 
being compared to the surroundings. At the start of. a temper­
ature interval, usuelly 1ooc., an electric clock is started and 
the voltage and current to the specimen beater are recorded. 
When the end of the temperature interval �.a. reached, the 
electric clock is stopped and the current .. and voltage are 
' 
. .  
again recorded. Thus by simply averagi� the current and 
voltage rea dings a nd noting th e e lapsed time, Cp ma y 
be rea di ly ca lcu la t ed from equa tion 4. 
Corrections must be made to th e Cp ca lcula ted 
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by equa tion 4. The vo l tage is rea d  from th e vo ltage drop 
across  one-ten th of a large ( 3000JL) resista nce in para l le l  
with the specimen hea t er . I t  i s  neces sary, th erefore, 
to correc t for th e vo l ta ge divider if it is not e�a ct ly 
1:10 . Th e current is rea d a s  th e vo l ta g e  drop across a 
standa rd one ohm resistor; con sequen t ly,  th e devia tion of 
th e s ta nda rd resister from �a ct ly one ohm mu st be corrected. 
Th ese two correction fa ctors a re mu ltip lica tive a nd ma y 
be a dded to equa tion 4 a s  follow s 
EI Atf 
ePt= MAT 
-
where f is th e correction factor for tb e E a nd I mea sure-
ment s a nd is of the order of unity. 
( 5} 
Both E a nd I are rea d on"a Rubicon Type B Precision 
potentiometer which ha s a sta ted accura cy of 0 . 02 per cent. 
Tbe electric · c locks ma y be rea d to the nearest 0. 02 seconds 
which gives an error of 0.05 per cen t  in a n  interva l of 
150 seconds which is shorter tha n  a ny interva l used in 
this experiment. Th e reaction time of the e�perimenter 
would induce a n  error in the tim� but this is a ssumed to 
be ra ndom . Th e weight of th e sample is obtained to th e 
n earest 0. 001 grams on a n  a na ly tica l ba la nce which wou ld 
give a n  error of less tha n .0 1  per cen t. The three errors 
mentioned above a re deemed in significen t  a nd a re not 
corrected for. 
A correction for the hea t absorbed by the hea ter 
is made a s  fol low s: 
- -
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·v.b 
<1>s= Cpt + -Ws 
(Cpt - 0.47 29) (6) 
where Cps is the specific hea t of the specimen, Cpt is 
the tota l specific hea t of the specimen p l u s  the hea t er, 
wh a nd •s a re the weight s  of the hea ter·a nd specimen 
respectively. Equa tion 6 wa s derived by Pa wel � ( 30) 
from a n  energy ba la nce with the a s sumptions  tha t weight 
of the specimen hea ter is equa lly divided between nichrome 
a nd a lumin um oxide a nd tJ,a t ATh = 0. 55 ATs• Depending 
upon the specimen� specific hea t a nd the hea ter to specimen 
w eight ra tio, this correction is of the order of 1 . 0  
to 0. 1  per cen t. 
A "drift" correction is made for the non -a diaba tic 
behavior of the specimen enclo sure. At certain tempera t ures 
the specimen power is  cut off a nd the sy stem a l lowed to 
co�e to st�adp .s�ate. The drift ra te, R (T), or cha nge in 
specimen tempera t ure with tim� is noted . The specific 
heat is then corrected a:s fol lows ( 30) : 
Cpa Cp = ------�-�---Cp8 R (T) 1 - K 
where cp is th e true specific heat, C ps is  the a pparent 
specimen specific h ea t, R(T) is the drift ra te, and K 
is th e energy input ra t e. 
After fo l lowing th e experimenta l procedure stated 
above and app lying th e correction factors as given, the 
author is quite confident tha t the data obtained in this  
investiga tion h ave a reproducibility of  � 0. 5 per cent 
up to 4500C . ,  a nd a reproducibility ot ± 1 . 0  per cent 
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( 7) 
from 4500C. to 7000C. , ba sed on the data tor pure aluminum. 
CHAPTER III 
THE SPECI FIC HEAT OF ALUM[NUM 
The specific h ea t  of a pur e, po l ycrysta l li n e  sampl e  
o f  a lumi num wa s determi ned from 1000 t o  6000C. i n  order 
to ch eck the interna l reproducibi lity  of the calorimeter 
a nd to clea r l y  define the specific bea t curve for a lumi n um 
above 4000C. 
The data obta ined for pure a luminum during th is 
invest igation, a long w i th a few da ta  points by  Brooks, 
a �te shown in  Figure 3 .  B elow 3000C., th e data agr ee wi th in 
the l imit s  of % 0.4 per cent;  however, a t  th e h igher 
t emperatures, th e limi t s  a pproach % . .  1 per cen t,  due to the 
much l arger correction for radiative hea t losse s .  The 
solid poin t s  depict the sca t t er for one run . 
Th e so lid curve i n  Figure 3 i s  th e best fi t of th e 
da ta to the equation Cp =A + Bt+ C/t2 over the temperat ure 
range of 1000 - 6500C . A mul t ipl e regression a na l ysis of 
the data yielded the fo l lowing consta nts for the a bove 
equa t ion: 
A = 0. 84728 jou les/gm. -OC . 
B = 0. 61472 x l o-3 jou les/gm . -OC. 2 
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c =0.3486 :x 1 0- l  jou les-OC./gm . 
A l though th i s  does not appea r to be a best fit 
to th e da ta ,  specific h ea t s  ca lcu la ted from th i s  equa tion 
shou ld be correct "i th i n  one per cen t . 
Th i s  a uthor fee l s  tha t th e sta nda rdized equa tion 
deri ved from th e experimenta l da ta obt ained during th i s  
invest iga t ion ma y be u sed with a s surra nce for engineering 
ca lcu la tion i n  the tempera t ure ra nge of 1Q00-6500C. I t  
should be noted by the reader tha t the con sta nt s for th i s  
equa t ion a re i n  t erms of degrees centigra de a nd a n y  ca l­
cula t ion must  be made with th e appropriate t empera ture 
( wi th i n  th e given range) expressed in degrees cen t igrade . 
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Th e reported va lues for th e specific h ea t  of a lumi n um 
above 4000C. differ ma rked l y . Th e curve i n  Fig u re 3 
from th i s  i n vest iga t ion i s  compa red to th e da ta of Hul tgren 
� .!!• ( 17 )  a nd Pochapsh y  (32) in Figure 4. Th e reader 
w i l l  rea di l y  note th e di spa rity  between the da ta of Pochapsh y  
a nd tha t of Hul tgren , especia l l y  near 6000C. 
Hul t gren's curve i s  a compi la tion of da ta from 
ma ny  sources, a nd, a s  such , wou ld presumab le be more 
a ccura te tha n th e da ta of one investiga tor .  However, 
the r i se of th e specific hea t  nea r the mel t ing poi n t  
i s  absent from th e compi led curve.  The ri se of th e 
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specific h ea t, due to energy ab sorbing phenomena such 
a s  th e crea tion ot va ca ncies, is  wel l know n a nd i s  ex­
h ibi ted i n  the specific h ea t  curves of a ll meta l s .  Th ere­
fore, i t  ma y be presumed tha t  th e lack ot th i s  a noma lous 
rise i n  th e curve by H u l tgren con nota tes an i na ccura te 
represen ta t ion of th e specific h ea t  ot a l umi n um nea r 
th e me l ting point . 
Th e ri se ot th e specific h ea t  curve ot a meta l 
nea r  th e mel ting poin t  ha s been genera l l y  a ccepted to be 
the re s u l t  ot th e crea tion ot monova ca nci es . Th e va l ues 
for the energy of formation and concentra t ion of mono­
va ca ncies in a lumi num ha ve been reported by ma n y  i n vesti­
ga tor s ( 1 3, 19, 34) w ith excel lent correla tion . I t  th ese 
va l ue s  a re u sed to ca lcula te the expect ed h ea t absorption 
due to monova ca ncv forma tion a nd compa ri son ma de between 
th i s  ca lcula tion a nd th e exper imenta l ly determined ri se 
above th e Debye curve, it i s  found tha t  monova ca ncv 
formation a ccount s  for approxima tely one-h a lf ot th e 
tota l energy absorbed . Bore l i us (6,7) h a s suggested tha t  
other, a s  vet unexp la in ed, ph enomena a r e  ta king place 
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a nd tha t th ese ph enomena ma y be a l so fitted to a n  A rrh en i u s  
t ype expres sion . I ndeed, th i s  a uthor, b y  u sing th e Arrh eni u s  
con sta n t s  gi ven b y  Bore l i u s  tor th e proposed ph enomena 
a nd th e a foremen tion ed va l ues for monovaca ncies, h as found 
excellen t agreement between experimen ta l a nd ca lcula ted 
bea t  a bsorpt ion . 
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CHAPTER IV 
THE SPECI FIC HEAT OF NICKEL-S O ATOMIC PER CENT PALLADIUM 
The on l y  pr ior investiga t ion of the spec ific hea t of 
nickel -pa l ladium a lloys is tha t  of Mackl iet a nd Sch indler (23). 
They determined the hea t capacit y of pure pa l ladium a nd 
a lloys of pa l ladium conta in ing 20,40,60, a nd 80 a tomic per 
cent n icke l  in the liquid helium tempera ture ra nge. The de­
terminat ion of the high tempera ture, i.e., room tempera ture 
to the melting point, spec ific heat of n ickel-pa l ladium 
a lloys shou ld be an e�tremel y  useful addit ion to the present 
know ledge of th is a l loy system. A lthough the specif ic heat 
would not descr ibe the •�act structure of the a l loy ,  it  would 
g ive proof of the e�istence of structura l transit ions through 
a noma lous cha nges in the spec ific hea t .  A lso, the tra ns it ion 
temperature, or tempera ture a t  wh ich the a noma lous behav ior 
of the spec ific heat commences, would be usefu l to future 
investigators for the inte l l igent choice of hea t  trea tments. 
The spec imen w a s  initia l l y  placed in the ca lor imeter 
a nd heated above 6000C. a nd a l lowed to s low l y  cool back t o  
room tempera t ure a t  a rate of approx ima tely 40C. per minute . 
Then a n  actua l da ta taking run wa s commenced a t  a hea ting 
rate of approxima tely  2.soc. per minute. 
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shows th e specif ic heat a s  a function of tempera ture for 
th is in it ia l run. Th e sha rp pea k seen at l750C. loca t es 
the Cur ie point and a grees closel y w ith tha t g iven by 
Ha nsen (15) for a fift y a tomic per cent pa l ladium a l loy. 
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The outstanding feat ure of th e curve, however, is th e 
a noma lous r ise between 3500 a nd 4500C. Th is rise def in itel y 
proves the exist ence of some type of energy absorbing 
tra ns it ion. 
In order to give the reader a rea dy frame of refer­
ence.for fut ure expla na t ions, th e theoret ica l spec ific 
hea t  for nickel-50 a tomic per cent pa l ladium, considering 
only th e la tt ice a nd elect ronic contribut ions, is a lso 
given on Figure s. To ca lcula te th e th eoret ica l curve, 
a n  a verage va lue of r wa s ta ken a s  2. 0 (ma ny meta ls h a ve 
a va lue of about two), 9o a nd 'l$' were ta ken from the work 
Mackliet a nd Schindler (23) by interpola t ion, a nd �(38,43) 
was ta ken to be the a r ithmet ic average on a n  a tom ba sis 
between pa l ladium a nd non-magnetic nickel�. These terms 
a re th e same a s  defined for equa t ions 2 a nd 3. The reader 
will  note tha t  th e experimenta l curve appea rs to intersect 
the th eoret ica l curve about 6SOOC. Th is int ersect ion 
shou l d  represent th e point above wh ich the sa mple is in a 
complet ely ra ndom sta te a nd, therefore, the specific h ea t  
ma y  b e  represented b y  � (latt ice) + Cp (electronic). Th is 
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theoretical curve will be given on all subsequent pJots. 
In the region of local ordering, i. e., below 35ooc. ,  
the true theoretical curve may be higher due to changes in 
f1o and � for the ordered state. These changes cannot 
be readily accounted for, but may be accepted as distinct 
possibilities. 
As shown in Figure 5 (see page 28), the experimental 
curve is situated well above the theoretical curve at all 
points. The author attributes this to an additive relation­
ship between the heat effects due to ferromagnetic and con­
figurational disordering, assuming the anomalous rise is 
due to local disordering. As noted previously, there is 
also the possibility of larger lattice and electronic con­
tributions. Figure 6 depicts the lattice and electronic 
contributions to the specific heat of a metallic system 
upon which is overlaid a ferromagnetic transition and an 
order-disorder reaction. These heat effects are placed, 
with respect to each other, at approximately the same 
positions that they occupy for nickel-50 atomic per cent 
palladium. The tail of the ferromagnetic transition is 
placed to overlap the commencement of the order-disorder 
transition; consequently, the heat effects of these pheno­
mena are additive in this region. 
If the shape of the specific heat curve due to the 
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Figure 6 .  Schematic Representation of the Specific Heat 
Curve fox Nickel-50 Atomic Per Cent Pa lladium . w .... 
ferromagnetic heat effect is assumed to be relatively 
independent of the degree of local ordering (as shown in 
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Figure 6 on page 31), then any variations in the region of 
overlapping must be the result of variations in the shape of 
the curve due to the configurational disordering heat effect. 
Changes in the s pecific heat curve, due to the heat effect of 
an order-disorder reaction, as a function of prior thermal 
history, were discussed fullJ in Chapter ·r. Two extreme 
oases are given in Figure 6. The curve labeled 1 represents 
a sample which only undergoes disordering as the te�erature 
is increased (e.g., initiallT slowlT cooled from above 
600�C.). The curve labeled 2 represents the specific heat 
of a sample which is heated slowly enough so that it orders 
signifioantlJ as the temperature is increased, and then 
disorders. The amount of ordering occuring in this latter 
case would increase as the rate of cooling from above 6oooc. 
was increased, since this would increase the degree of disorder 
at room temperature. Therefore, variations in the shape 
of the specific heat curve in the region of overlapping is 
dependent upon the prior thermal history of the sample. 
This will become quite apparent as the results of this 
investigation are presented. 
Between 2500 and 5oooc., the specific heat curve in 
Figure 5 on page 28 is similar to the schematic curve for 
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an order-disorder reaction shown in Figure 2 on page 10. The 
curve in Pigure 5 on page 28 increases- steadily :f'rou 2500 to 
300°0., and then is almost :f'lat :f'rom 3000 to 3500C. This 
flatness may be the resUlt of' further ordering taking place. 
When the alloy system reaches )6ooc., the thermal motions of 
the atoms begin to oYercome· the ordering tendency and the 
destruction of' the ordered state is seen as the rise in 
the specific heat :f'rom 3600 to 45ooc. The continued height 
of' the curve above 450°0., is assumed to be the result of' 
the dispersion of' the remaining order. The total energy 
absorbed by the anomaly is of' the order of' two and one­
quarter joules per gram. 
If' the anomalous behavior of' the specific beat ot 
nickel-50 atomic per cent palladium :f'rom 2500 to 5oooc. 
is due 'o!local dilordering, one would intuitively :f'eel 
that a sample held tor a sufficient length of' time in the 
temperature range of' 3000 to 35ooc. would possess a greater 
degree of' order than the slowly cooled sample. To check 
this hypothesis, the specimen was held at 35000. :f'or 
7.5 hours after having been slowly cooled :f'rom above 6oooc. 
The specific heat of' the sample was then redetermined at 
approximately the same beating rate as the prior run. The 
two runs are compared in Figure 7. It is immediately 
apparent that the heat e:f':f'ect, i.e., size of' the anomaly 
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between 360° a nd 5000C., is indeed greater for the extended 
heat ing at 3500C. Th is increa se in the hea t effect is 
of the order of one joule per gram. Th is ma y  be a ssumed 
to be exper imenta lly  signif icant·s ince the two curves a re 
more tha n  1 per cent apa rt a t  most points, a nd the da ta 
in th is ra nge have a reproducibilit y  of better tha n  z 1 
per cent. Both curves over lap, w ith in the ra nge of experi­
ment a l  error, above 5500C • .  , wh ich is a nother mea ns ot checking 
the interna l reproduc ibility of the da ta . Therefore, it 
seems rea sonable to assume tha t  the increa se in the hea t 
effect is rea l, a nd, a s  such, lends credence to the theory 
tha t the a l loy is undergoing some type of order -disorder 
reaction. 
A n  idea of the kinet ics of the reaction taking place 
in the a l loy ma y  be a scerta ined by determin ing the effect 
of hea t ing ra te of the specific hea t. The spec imen was 
heated above 6000C. a nd slow l y  cooled in order to obta in 
a structure similar ·to tha t  of the init ia l run; h owever, the 
heat ing rate was approx imately 30 per cent h igher 
tha n the in itia l run. The data from th is run a re compa red 
to the initia l  run in  F igure a. A lthough the increased 
heigh t of the specific hea t due to the ferromagnet ic 
disordering is very not iceable, the fol low ing discussion 
w i ll be l imited to the temperat ure ra nge of 2500 to 6000C., 
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a nd comments on cha nges in the magnet ic tra nsit ion heat 
effect w il l  be made la ter . 
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Cons istent � ith the proposed order -disorder react ion, 
the curve is h igher in the region of 3000 to 3SOOC. s ince 
the fa ster hea t ing rate a l lows less t ime for addit iona l 
ordering to take place . The temperature a t  wh ich the 
react ion commences is a lso sh ifted to h igher temperatures 
a nd a more pronounced r ise is seen in the specific heat 
curve. Aga in a ss uming tha t  th is is due to loca l disordering, 
a n . increa se in the hea t ing rate should produce a sh ift 
in the curve, s ince the commencement of the disordering 
is dependent upon both t ime a nd the amount of order 
present re lat ive to some equilibrium a mount. The faster 
the hea t ing ra te, the grea ter the depress ion of the dis­
order ing tendency ;  hence, when disorder ing commences, there 
is a grea ter dr iving force due to the w ider dispa r ity 
between the degree of order present a nd the degree wh ich 
wou ld ex ist in equilibr ium at tha t  point. The greater 
driving force ca uses the order present to be destroyed 
in a shorter span of t ime, a nd, therefore ca uses a greater 
oversh oot, i.e. , a h igher xise. 
The peculia r behavior of the spec ific heat from 
450° t o  52SOC. ca nnot be expla ined by th is a uthor. Th is 
pa rticular phenomenon was reproduced in two sepa rate 
exper imenta l runs. The ' da ta from these runs indica te 
that pract ica l l y  a l l order ing has been destroyed a t  52SOC. 
as evidenced by the close relat ionsh ip between the exper i­
menta l and theoret ica l curves above 5250C. 
The effect of rapid quenches of the specific hea t 
should a lso give an  ins igh t into the kinet ics of the tra n ­
s ition. A l l hea t treatments for the runs disc�ssed above 
were done w ith the spec imen w ith in the ca lorimeter. For 
the quench ing studies the spec imen was placed under an  
a rgon atomsphere in  a furnace, a nd held above 6000C. for 
severa l hours . The specimen was pul led out of the furnace 
ver y rapidly a nd water quenched. The spec imen was then 
reinserted into the ca lor imeter a nd an exper imenta l run 
sta rted. The tota l t ime necessary for reinsert ion of the 
spec imen a nd ach ieving a vacuum of less tha n  l0-4 Torr, · 
at wh ich t ime the run started, was approx ima tely one h our. 
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In F igure 9, the specif ic hea t curve for the quenched 
spec imen is compared to the curve for the in it ia l run. 
A ga in restrict ing the discuss ion to temperatures above 2500C., 
one notes that the curve for the quenched specimen is much 
lower in the tempera ture ra nge of 3000 to 350oc., a nd that 
the tota l bea t effect is much sma l ler. Th is is  in  excel lent 
a greement w ith theoret ica l beha vior for order -disorder 
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react ions. Rea l izing tha t  the a l loy, after qaeach ing • rapidly , 
has  much less order tha n  would have been present a t  room 
temperature it the sa mp le had been slow l y  cooled, the 
increa sed tendency towa rd ordering in the ra nge ot 3QQO 
to 3SOOc. becomes appa rent a s  a lowering ot the specif ic 
hea t due to the tact tha t  the order ing is a n  exothermic 
process. A lthough the quenched specimen orders more tha n  
the s lowl y  cooled spec imen dur ing bea t ing , the a mount ot 
order present when disorder ing commences is sti l l  s ign ifi ­
cant l y  less i n  'the quenched spec imen. Th is i s  evident in 
the sma l ler hea t effect during disordering. The reader 
w i l l  aga in note the coincidence ot the da ta above soooc .  
N o  s ignificant cha nges in the ferromagnet ic hea t 
effect have been noted w ith pr ior therma l h is tory or 
heat ing ra te. Severa l invest igators have found cha nges 
in the Curie tempera ture w ith ordering. S ykes · and Eva ns 
(39 ) noted tha t  the Curie tempera ture tor ordered Fe� l 
is SOOOC . when disordered. However , Ta oka a nd Ob tsuka 
noted a rise in the Cur ie point on ordering tor N ijFe ( 40 ) .  
Muto et a l. ( 24, 25) have a ttempted to rela te ma thema t ica l l y  
ferromagnetic order ing t o  Long-ra nge order. A lth ough the 
rela t ionsh ips they derived a re not applicable to predict ing 
the exact interrelat ionsh ip a nd its effect upon a noma l ies 
in the spec ific heat , one does f ind tha t  the two phenomena 
do exert a n  inf luence on each other. Re lat ionsh ips tor 
s ystems exh ibit ing only short -ra nge order were not de­
r ived. 
Tbe observed a noma l ies in the spec itic bea t  of 
n icke l -SO atomic per cent pa l ladium have been discussed 
w ith the assumpt ion ot loca l ordering taking place . How ­
ever, as  discussed in Chapter I, the a uthor has no direct 
evidence ot a n  ordered structure in the a l loy s ystem other 
than the prel imina ry x -ra y ditfuse sca ttering mea surements 
c ited previous ly (1 1 ). On the other hand, the spec ific 
heat curves obta ined dur ing th is invest iga t ion are rema rk­
ably s imilar to those reported tor a l loys conta in ing about 
10 a tomic per cent solute in severa l systems; e. g. , nickel 
conta ining ch romium a nd mol ybdenum (36,41,29) a nd copper 
conta in ing a luminum a nd ga l l ium (16). I n  the n icke l ­
molybdenum a nd copper a luminum a l loys, the a noma lous 
specitic heat has been shown to be due to short -ra nge 
order by x -ra y a na l ys is (29 , 8 ). 
Tberetore, the a uthor concludes tha t  the a noma lous 
behavior ot the spec it ic hea t  ot n ickel -SO a tomic per cent 
pa l ladium ma y  be attributed to some form ot loca l order ing 
w ith c luster ing included as a pos s ibil it y. 
The exact t ype of order ing taking place w i l l  ha ve 
to be establ ished th rough x -ra y diffract ion studies. When 
41 
the x -ra y diffuse sca tter ing study now be ing carried out 
ia th is Depa rtmeat establ ishes the t ype of loca l ordering , 
l 
then the interpretation of the results of the present 
iavest igat ioa· ma y  be accepted as  g ivea a ad broadeaed to 
iaclude the t VP• of loca l ordering. 
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CAAPmR V 
CONCLUSIONS AND RECOMMENDATIONS 
The specific h eat of pure al umin um was det ermined 
from 1000 to 6300C . Th e fo l low ing concl u sion s h ave been 
mad� from th i s  determina tion . 
1 .  Th e da ta ha ve a reproducibi l i t y  of t o . s  per cen t 
below 4SOOC . , a nd a reproducibi l i t y  of * 1 . 0  from 
4500 to 6300C . 
2 .  Th e da ta a gree wel l w i th . repor ted va l ue s  a nd 
� 
th eoretica l calcula tion s be low 4SOOC . ,  but a re 
signi fican t l y  h igh er trom 4500 to 630°c . wh ere 
th e da ta a gree reasonab l y  well  w i th th at obt ained 
by Pochapsky ( 32 ) .  
3 .  Th e exper imental da t a  were fit ted to th e sta ndard 
equat ion Cp = A + B t  + C/t 2 a nd th e con stan t s  were 
eval ua ted to be 
A = 0 . 847 3 j ou les/gm . -OC . 
B = 0 . 6147 x l Q- 3 j ou l e s/gm . -OC . 2  
c = 0 . 3486 x 10 - l jou les-OC . /gm . 
The fol low i ng concl u sion s h ave been made based on 
the specific hea t  tor nickel -50 a tomic per cen t pa l ladi um 
43 
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from 1000 to 7000C . 
1 .  A n  a noma lou s ri se in th e specific h ea t  of th e 
order of 5 �er cen t wa s noted a t  42SOC . Th i s  
a noma l y  wa s a t t ributed to a n  order-disorder rea c t ion 
due to i t s  simi la rities  to previou s l y  reported 
a noma l ie s  in a l loy sy stems pos sessi ng loca l -order . 
Th e sha pe a nd size of th e a noma lou s  rise in th e 
specific h ea t  wa s found to be quit e dependent 
upon both hea ting ra te a nd prior therma l history . ·  
I t  seems to be pos sibl e  to completel y suppress 
th e order ing tendency by rapid l y  quench ing the 
specimen from above 7000C. 
Wi th respect to future investigat ions of th e speci fic 
hea t . of nickel -pal ladium a l loy s, th e fol lowi ng recommenda t io n s  
a re ma de .  
1 .  Determina tion of th e specific h ea t  of nickel­
pa l la dium a l loy s of compo sit ion .Ni jPd a nd .N iPd3 
shou ld be made i n  order to a scerta i n  wh eth er th e 
a noma l y  ta kes th e form of long -ra nge order a t  
th ese composition s .  
2 .  Th e specific h ea t  of a .  nickel-40 . a tomi c  per cent 
pa l la di um a l loy should be determined .  Th is would 
a l low complete sepa ra tion of th e ma gnetic a nd 
order -disorder h ea t  effec t s  a nd a compa rison of 
th i s  da ta to th e pr esen t i n vest iga tion shou ld 
produce a n  idea of th e effect of th e over lapping 
of these two ph enomena . 
3 .  Determina t ion of th e expa n sivi t y  of nicke l -50 
a tomic per cen t pa l ladi um from 1 000 to 7000C . 
should be done i n  order to a l low th e ca lcula tion 
of th e true theoret ica l specific h ea t  a s  a function 
of tempera ture . 
45 
LIST OF REFERENCES 
LIST OF REFERENCES 
1• Anneav, R.G., and Yazliev, s ., Iavest. Aka d . Nauk. 
Turkaen, s.s .R., No. 6 ,  J ( 19.57)1 ( c ited in 
�eterences  2 and 42). 
2. Bidwell, L.R . ,  and Speiser, R., �e Relative Tber­
aod1Daaio Properties ot Solid Nickel  Palladium 
Alloys , " Acta. Met.  lJ1 61 ( 1965 ) .  ' 
3.  Blackman, M. , "The Theory ot Specitic Heats ; "  
Handbook ot Phys ics ,  edited by s .  Flugge , 11 
Part 1, 325 ( 1955). 
4. Brooks , C .R. 1 "A Calorimetric Investigation, �ot Ano­
malies in the Speoitic Hea t  ot Binary Solid Solu­
t ions ot Copper Containing AlUminum and Gallium, " 
The Universi-t;y ot Tennes see Doc toral dis sertatio n ( 1962 } .  
6. 
8.  
9.  
10. 
1 and Stansbury, E.E. , "The Ettect ot Heating 
--�Rw.�atre and Neutron Irradiation of the Specitic 
Heat Behavior of a cu-16. 8  At. %  and a cu-17. 2 · 
At.% Ga. Solid Solution, " Acta. Met. !!1 1303 ( 1963 ) .  
Bore lius , G. , "Contributions From Thermal Lattice Detects 
to the Energr Content ot Au, Ag, Cu, and Al, " Arkiv 
For Fyaik !21 65 ( 1956 ) .  
1 "Contributions From 'Thermal Lattice Detects 
--�t�o-. �t�h8 Expansion of Solid and Liquid Metals , "  Arkiv 
For Fysik 16, 119 ( 1959 ) .  -
Borie , B. 1 and Sparks , C. J. 1 "'l'he Short-Range Structure 
ot Copper-16 Ato•ic Per Cent Aluainu. , "  Acta. 
Cryat. 111 827 ( 1964 ) .  
Cohen, J.B. , and Fine , M.E. , "Soae Aspects ot Snort­
Range Order, "Metallic Solid S olutions , a sym­
posium on their electronic and ato•ic structure , 
Jg1 New York, W .A .  Benja•in, Inc. ( 1963 ) .  
Cowle7, J.M. , "An Approxi•ate 'l'heory of Order in 
.ll�o7a, " Phys. Re v. 'IJ..1 . 66' ( 1950 ) .  
47 
1 1 .  Gia que, w . F. ,  a nd Mea ds, P . F. ,  "Th e  Hea t Capacities  
a nd Ent ropies of  A lumi num a nd Copper from 150 to  
· 3QOOK . ,  1 1  J.  Am.  Ch em. Soc . 63,  1896 ( 1941 ) .  
1 2 .  G la sstone, s . , "Te)( tbook of Ph y sica l Ch emi str y , "  
New York, D .  Va n No stra nd Compa n y  ( 1940 ) . 
1 3 .  Gua rimi, G . ,  a nd Sch ia vini, G . M.  "Va ca ncy Con tribu­
tion to th e Hea t Content i n  A lumi n um, " Ph i l .  
Ma g . 14, 47 ( 1966 ) .  . 
14 . Gut tma n,  L . ,  "Order -Di sorder Phenomena i n  Meta l s, "  
Sol id Sta te Ph y sics 1, 1 45 ( 1956 ) .  
48 
15 . Ha n son, M . ,  a nd A nderko, K . ,  "Con sti tu tion of Bina r y  
A lloy s, " New York, McGra w -Hil l Book Co . ,  I nc .  ( 1958 ) .  
1 6 .  Hofmann,  J .A . , Pa ski n s, A . ,  Tauer, K.J . ,  a nd Weis s, 
R . J . ,  "A na ly si s  of Ferromagnetic a nd A nt i ferro­
ma gn etic Second-Order . Tra n si t ions, " J .  Ph y s .  
Chem. So l ids !' 45 ( 1956 ) .  
1 7 .  Hu l tgren, R . ,  orr, R . L . ,  A nderson, P . o . ,  a nd Kel ley, K . K . , 
"Selected Va l ues of Thermodynamic Properties of 
Meta l s  a nd A l loy s , " New York, Joh n Wiley a nd Son s  
( 1 96 3 ) � 
18 . , a nd Zapfee, c . , "A n X-Ra y S t udy of the I ron-
Palladium a nd Nickel -Pa lladium Sy s tems, " Tra ns . 
A . I � M. E .  1 33, 58 ( 1939 ) .  
-
1 9 .  King, D . ,  Corn i sh ,  A . J . ,  a nd Burke, J . ,  "Tech nique 
for M�a suring Va ca ncy Concen tra tion s in Meta l s  
a t  the Me lting Point, " J .  App l .  Ph y s .  37, 47 17 
( 1966 ) .  --
20 .  Koster , w . , a nd Rocho l l, P . ,  "Conductivi t y  a nd Ha l l  
Consta n t  I .  Nickel -Ch romium A l lo y s, " z .  Meta l l­
kunde �' 485 ( 1957 ) .  
2 1 .  Ku s sma n, A . , a nd Wa l lenberger , H . ,  "Ka lor imet ric 
Un t er such ung der Ordnung svorga nge in o( -Me ssung­
und N eu si lve- Legi erungen, " z .  Meta l lkunde SO, 
94 ' ( 1959 ) .  
--
22 . Lin, \" · ,  "A n X-Ra y St udy of Loca l Order in Nicke l 
Pa l la di um A l lo y s, " Ph . D .  Propo sa l, The Uni ver sity 
of Tennes see, ( 1966) . 
23. Ma ckliet, C .A . , a nd Sch indler, A . I . , "Hea t Capa ci t y  
of N i -Pd A l lo y s, " J .  Ph y s .  Chem . So lids 24, 1639 
( 1963) . -
24 . Muto, T . ,  E quch i,  T . ,  a nd Sh ibuya, M . ,  "S ta ti stica l 
Theor y of th e Fer roma gnetic Super la t t ice . Pa r t  I .  
Genera l Theor y, " J .  Ph y s .  Soc . Jap .  ,2, 277 ( 1948 ) .  
25 . , a nd E quch i ,  T . ,  a nd Sh ibuya , M. , "Sta ti stica 1 
Th eory of the Fer roma gnet ic super la t t ice . Pa r t  II . 
A noma lous Speci fic Hea t a nd Sponta neous Ma gneti­
za tion, " J. Ph y s . Soc . Jap .  l• 284 ( 1948) . 
26 . , a nd Ta kagi,  Y . , "Th e  Theor y of Order-Di sorder 
Tra n si tion s i n  A l loys, " So lid Sta te Ph y sics ,!, 
193 ( 1955) . 
49 
27 . Mya likgu liev, G . ,  I svest . A ka d .  Na uk . Turkmen . S . S . R . ,  
No . 1 , 164 ( 1955) ( ci ted i n  reference s 2 a nd 42) . 
28 . - Naga sa wa , A . , " E l ectron Diffra ction St udy on the 
Nickel -Pa l la di um A l loy Sy stem, " J .  Ph y s .  Soc . 
Jap . �' 2 15 ( 1966) . 
29 . Nor em .  W . E . ,  "A New A diaba t ic Ca lor imet er For Speci fic 
Hea t Determina tion From 2500 to lOOOOC . :  I t s 
u se to st udy Order -Di sorder Rea ction s in Nicke l­
Mo l ybdenum A l lo y s, " The Uni ver si t y  of Tennessee 
Doctoral d is sertation ( 1965 ) 
30 . Pawel,  R . E . ,  "Th e App l ica t ion of Dynamic A diaba tic 
Ca lorimet ry to the Coppex -Nicke l S y stem from 500 
to 6200C .  , "  Th e Uni ver s i t y  ot tennes see Dootol'al 
��·••r•et!on ( 1954 ) .  
31 . Perma no va ,  M . K . , I s vest . A ka d .  Na uk . Turkmen, S .S. R . ,  
seri Fi stekh, Kh im . i Geo l .  Na uk . No . 4 ,  35 ( 1961)  
( ci t ed in refernce 2) . 
32 . Pochapsky, J . E ;, "Hea t Capacity  a nd Resi sta nce 
Mea suremen t s  for A l umi n um a nd Lead Wires, " 
A c ta . Met . 1 1, 1303 ( 1963) . 
-
33.  Selissky, P.Y . ,  " I ndica t ions of pha se tra nsformat ions 
of second Order in the A lloy FeJA l t" Ph ysics Meta ls Meta l lograph y  10,  150 { l960 J .  
-
34. S immons, R.o., a nd Ba luff i, R.w . ,  "Mea surement of 
Equ i l ibr ium Vaca ncy Concentrat ions in A luminua," 
Ph ys. Rev .  !!!• 52 ( 1960 ) .  
35.  Stansbury, E.E., "The Adiaba t ic Ca lorimeter," The 
Th ird Conference on Therma l Conduct ivit y, Meta ls 
a nd Ceramics Divis ion of Oak R idge Nat iona l 
Laboratory ( 1963 ) .  
so. 
36 . , Brooks, c.R., a nd Ar ledge, T.L., ''Specific -
Heat Anoma l ies in Solid Solut ions of Chromium 
a nd Molybdenum in Nicke l :  Evidence �or Short­
Ra nge Order," J. Inst. Meta ls 94 , 136 ( 1966 ) .  
-
37 � , Nauman, E.B . ,  a nd Brooks, c .R . ,  " Modified 
Dauphinee Thermocouple Circuit · for Adiaba t ic Ca lor­
imetry," Rev. of Sci. I n st. �, 480 { 1965 ) .  
38. Swanger, w.H. a nd Jordan, L. , "Propert ies of Pure 
Nickel� �� Journa 1 of Resea rch, Nat iona 1 Burea u  
o f  Standa rds i• 1 2 9  ( 1930 ) .  
39. S ykes, c. a nd Eva ns, H., "Peculia r it ies i n  the 
Pbpsica l Propert ies of I ron-A luminum A lloys," 
Psoc. Roy. S oc .  �. 5 29 ( 1 934 ) .  
40. Taoka, T., a nd Oht suka , T., "The Ma gnet ic Propert ie s  
a nd their Tempera ture Dependence o f  Ferroma gnet ic 
A l loys with a n  Order-Disorder Tra nsformat ion : I. 
N i,3Fe,'.' J. Ph ys. soc. Japa n_ .2,, 7 1 2  ( 1954 ) .  
4 1 .  Ta ; lor, A., a nd Hinton, K.G., "A Study of Order­
Disorder and Precipitat ion Phenomena in Nicke l ­
Ch romium A l loys , "  J. I n st • .  Meta l s , 8 1, 169 ( 1953 ) .  
42.  Ya s l iev, s., "Electr ica l Resist ivity of Nickel .. Pa l ladium 
A l loys between oo a nd 7ooo c . , "  Russian Journa l of 
I norga nic Chemistry_!, 1 182 ( 1960 ) .  
43 . zema nsky, M.W. ,"Heat a nd Thermodynaaics," New York, 
McGraw-Hill Book co., Inc. ( 1951 ) .  
APPENDICES 
APPENDIX A 
SPECIFIC 'HEAT DATA . FOR PURE ALUM[NUM FROM THIS INVESTIGATION 
TABLE I 
S PEC IFIC BEAT OP PURE ALUMIIUM, PART 1 
T , 
oc: .  
K=104 jou1 es/gm . -h r .  
95 0 . 9339 
105 0 . 9345 
1 15 0 . 9417 
125 0 . 9482 
1 35 0. 9541 
145 0 . 9603 
155 0 . 9620 
165 0 . 9674 
175 0. 9737 
185 0 . 9766 
195 0 . 9816 
205 0 . 98 18 
215 0 . 9907 
2 35 1 . 0021 
245 1 . 0030 
255 1 . 0 100 
52 
. . 5 _ .. . . joulea%a. -OC. 
K=109 jou1es/gm. -h r .  
150 0 . 9626 
170 0 . 97 1 1  
190 0. 9792 
210  0. 9876 
2 30 0 . 9988 
250 1 . 0054 
270 1 . 0 171 
290 1 . 0254 
310 1 � 0333 
330 1 . 0415 
5 3  
TABLE I I  
SPEC IPIC HEAT OP PURE �ALUMINUM� FAR'! 2 
T ,  
oc .  Cp. . �oalUJe. -OC. 
K=152 . 4  jou 1es/gm. -hr . 
355 1 . 0604 
365 1 . 0796 
375 1 .. 0846 
385 1 . 0788 
395 1 . 0833 
405 . 1 . 0906 
415 1 . 1024 
425 1 . 1 1 14 
435 1 . 1031 
445 1 . 1 1 27 
465 1 . 1 146 
475 1 . 1489 
485 1 . 1 384 
500 1 . 1723 
515 1 . 1643 
525 1 . 1746 
5 35 1 . 1852 
545 1 . 1910 
565 1 . 2 148 
575 1 . 2235 
585 1 . 2353 
595 1 . 2420 
6 10 1 . 2526 
625 1 . 3069 
T ,  CP., 
oc .  .· .  ii!OUlesi'i•• -OC. 
K=177 �-4 jou1es/gm. -h r . 
355 1 . 0604 
365 1 . 0�33 
375 1 . 0754 
385 1 � 0765 
395 1 . 0859 
405 1 . 0835 
415 1 . 0914 
425 1 . 1028 
435 1 . 0975 
445 1 . 1039 
465 1 . 1 160 
475 1 . 1 189 
485 1 . 1249 
495 1 . 1 317 
505 1 . 1442 
5 15 1 . 1440 
525 1 . 1521 
535 1 . 157 1 
545 1 . 1703 
565 1 . 1761 
575 1 . 19 14 
585 1 . 1981 
595 1 . 2096 
605 1 . 2 1 14 
625 1 . 2455 
54 
TABLE I II 
T ,  Cp , T ,  cP. , oc . jou 1esi'2m. -OC . . . .  _oc_ ... · jou1esi'gm. -OC . 
K=83.61 jou1es/2m. -h r .  K=l42 .. 3 jou les/2m .  �h r . 
3 15 1 . 0500 415 1 . 0949 
325 1 . 0598 425 1 . 1078 
335 1 . 0583 435 1 . 1 120 
345 1 . 0648 450 1 . 1 203 
355 1 . 0662 465 1 . 1 3 1 6  
365 1 . 0744 475 1 . 1 386 
375 1 . 079 1 485 1 . 1445 
385 1 . 0868 495 1 . 1510  
405 1 . 0958 5 15 1 . 1 646 
415 1 . 0974 525 1 . 1701 
425 1 . 1 057 535 1 . 1787 
435 1 . 1 109 545 1 . 18 1 5  
450 1 . 1 225 555 1 . 1887 
465 1 . 1 336 565 1 . 1977 
475 1 . 1 340 575 1 . 2040 
485 1 . 1489 595 1 . 2 152 
505 1 . 1613  605 1 . 2247 
515 1 . 1 608 6 1 5  1 . 2334 
525 " 1 . 1730 625 1 . 2415 
535 1 . 1751 
545 1 . 1853 
555 1 . 1924 
565 1 . 2104 
575 1 . 2 1 3 1  
585 1 . 2223 
605 1 . 2542 
6 15 1 . 2641 
APPENDIX B 
TABLE . IV 
THEORETICAL SPECIFIC HEAT CF PURE ALUMINUM 
T, �· T , cP. , OK, . jouleai'p. -OC. . .  01(. j.oule•7pa.-OC.o 
. 40 . 0 0 . 07 14 1 25 , 0  0 , 5542 
42 . 1  0 . 0822 1 3 3 . 3 0 , 5842 
44 . 4  0. 0948 142 . 8  0 . 6 149 47 . 0  0 . 1099 1 5 3 . 8  0 . 6459 
so.o 0 . 1 277 1 66 . 6. 0 . 6775 
53 . 3  0 . 1490 18 1 . 8  0 . 7089 
57 . 2  0 . 1740 200 . 0  0. 7414 
6 1 . 5  0 . 2041 222 . 2  0 . 7740 
66 . 7  0 . 2390 250 . 0  0 . 8068 
72 . 7  0 . 2804 285 . 7  0 . 8414 
80 . o  6 . 3277 307 . 7  0 . 9580 
83 . 3  0. 3488 333 . 3 0 . 7779 
86 . 9  0 . 3710 364 . 6  0 . 8943 
90 . 0  0 . "39 38 400 . 0  0 . 9 175 
95 . 2  0 . 4182 444 . 4  0. 9399 
100 ., 0  0 . 4433 500 . 0  0 ;9652 
10S �3 0 . 4693 57 1 . 4  0. 9950 
1 1 1 . 1  0 . 4970 667 . 0  1 . 0319 
1 18 . 8  0 . 5 167 800 . 0  1 . 0835 
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APPENDIX C 
SPECIFIC HEAT DATA FCR NICKBL-50 Al'OMIC PER CENT 
PALLADIUM FROM THIS INVESTIGATION 
TABLE V 
S PEClFIC HEAT OF NICKEL�50 ATOMIC PER CENT PALLADIUM, PART la,  b 
T ,  
joale)p. -OC . oc .  
1 1 5 0� 3804 
125 0 . 3815 
135 0. 3830 
145 0 . 4010 
155 0 . 4 128 
165 0 . 4047 
175 0 . 3975 
185 0. 3962 
195 0 . 3904 
205 0 . 3800 
2 15 0 . 37 36 
230 0 . 37 1 1  
245 0 . 3688 
255 0 . 3698 
265 0 . 3698 
275 0 . 3694 
285 o .  37 38 
295 0. 3741 
305 o .  3737 
315 0 . 3772 
325 0 . 3761 
335 0 . 3768 
345 0 . 3765 
355 0 . 379 3  
365 0 . 3788 
375 0 . 3824 
385 0 . 3885 
395 0 . 3941 
8Sample slow l y  coo led from 6SOOC . 
bK = 43. 0  joule s/gm. -h r .  
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T ,  
oc. joale�e�-�� . r . 
405 0 . 3959 
41 5 0. 3979 
425 0. 3965 
435 · 0. 39 34 
450 · 0 . 3930 
465 0 . 3945 
475 0 . 3949 
485 0. 3964 
495 0 . 3970 
505 0 . 3978 
5 15 0 . 3969 
525 0. 3974 
535 0. 3981  
545 0. 4003 
555 0 . 4012 
565 0 . 4040 
575 0. 4036 
585 0 . 4074 
595 0. 4056 
61 0  0 . 4090 
625 0 . 4128 
635 0 . 4 1 07 
645 0 . 4 1 37 
655 0 . 4121  
665 0 . 4144 
675 0 . 4133 
685 0 . 4 154 
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TABLE VI 
SPEc:D'IC HEA'f .... QF 5ICREL•50L A'l'OMIC PER,;CEBT PJ.LLADDJ¥, PAR-r � �  b 
T, . cp , t, c;, . oc ... j_op l�s/' g, � OC_� ·-- -� · -· · · - .jopl.ea/gm. ... oc • . .  
125 0 . 3809 37 5 0 . 3803 
135 0, 37 98 385 0 . 3899 
145 0 . 3815  395 0 . 39 1 8  
155 0 . 3862 405 0 . 3970 
165 0. 3938 415 0 . 3972 
175 0 . 3962 . 425 0 , 3976 
185 0 . 3947 435 0 , 3957 
195 0 . 388 1 450 0. 3938 
205 0 . 3755 465 0 . 3952 
215 0 . 3680 475 0 . 3938 
225 0 , 3708 485 0 , 3945 
235 0 . 3676 495 0 , 3945 
245 0 . 3670 505 0 , 3988 
255 0 . 3667 5 15 0 . 3955 
265 0 . 3695 -525 0 . 3989 
275 0 . 3669 535 0 , 3980 
295 0 . 37 09 545 - 0 . 3993 
305 0 . 37 1 0  555 0. 4045 
3 15 0 . 37 10 565 0 , 4065 
325 0 . 3720 575 0 . 405 1 
335 0 . 3726 585 0 , 4054 
345 . o .  373 1  595 0 , 4063 
355 0 . 31 33 605 0 . 4102 
365 0. ;3768 615  0 , 4090 
8 sample slow l y  cooled - from 6500C . 
bK = 55 . 23 joules/gm . -h r .  
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. TABLE VI I 
SPECIFIC BEAT OF NICKEL .... :50: ATOMIC 'PER CENT PALLADIUM·, .. PAR'.r '.)a , b  
T ,  
oc .  
1 65 
175 
185 
195 
205 
215  
225 
235 
245 
255 
265 
275 
285 
295 
305 
315 
325 
335 
345 
355 
. �'  . . . . joulea7ga..-'?c. 
0 . 3850 
0. 3998 
0 . 3950 
0. 3886 
0. 3750 
0. 37 14 
0 . 3590 
0 . 3658 
0. 3655 
0 . 3661 
0 . 3705 
0. 3708 
0. 373 1  
0. 37 14 
0. 37 35 
o .  37 29 
0. 3758 
0 . 3736 
0. 3741 
0. 3742 
asa mple sl,�• l Y  cool ed from. 600oC� 
a t  3500C . 
bK = 57 . 46 joules/gm . -h r .  
T ,  cP. , 
<!C.. - jouleai'i•· -OC· ( 
365 "" . 0;3805 
375 0 . 3867 
385 . 0 . 3939 
400 0 . 3984 
420 0 . 3990 
440 0 . 3997 
460 0 . 3926 
475 0 . 3979 
485 0 . 3982 
495 0 . 3964 
505 0 . 3986 
515  0 . 3984 
525 0 . 4006 
535 0 . 3999 
545 0 .402 1 
555 0 . 4008 
565 0 . 4023 
575 0 . 4054 
585 0 . 4030 
595 0 . 4044 
th en held tor 7 . 5  hours 
TABLE VIII 
SPEC IF IC BEAT OF N.ICXEL;..$0 ATOMIC 
T � . .  , oc . .. .. ... ... joules7ga..-OC. 
105 0 . 3695 
115  0 . 3697 
125 0 . 3729 
1 35 0 . 3812  
145 0 . 3805 
155 0 . 3926 
165 0 . 3957 
175 0 . 4037 
185 0 . 4010 
195 0 . 3928 
205 0 . 3763 
215 0 . 37 30 
2 25 0 . 3720 
235 0 . 3728 
245 0 . 3723 
275 0 . 37 12 
285 0 . 3733 
295 0 . 3752 
305 0 . 3793 
315 0 . 379 1  
325 0 . 379 1 
335 0 . 3751 
345 0 . 3782 
355 0 . 3793 
365 0 . 3788 
375 0 . 3795 
asamp l e  slow l y  cooled from 6SOOC . 
bK = 9 2 . 6 1  joules/gm . -b r .  
PER 
·59 
CENT �PALLADIUM; PART 4a , b  
T ,  
oc. . �· l jo�les?e. -oc .  
385 0 . 3785 
395 0 . 3873 
405 0 . 3931 
415 0 . 4016 
425 0 . 4062 
435 0 . 4015 
450 0 . 3990 
465 0 . 4002 
475 0 . 4015 
485 0 . 4021 
495 0 . 4028 
505 0 . 4018 
5 15 0 . 4026 
5 25 0 . 3944 
535 0 . 3968 
545 0 . 3986 
555 0 . 4027 
565 0 . 4027 
575 0 . 4038 
585 0 . 4032 
595 . 0 . 4048 
605 0 . 4048 
615  0 . 4086 
625 0 . 4064 
6 35 0 . 4067 
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TABlE IX 
S PEO IFIC . EEAT . · cm  BlCHEL�5o A'l' OMIC PER · CEWf. ,PALLADIUM, PAR'!' 5a , b  
T ,  � ,  T ,  Cp , oc .  joulesi'gm. -OC. oc .  �ou lesli,!. -OC. 
280 0. 3770 435 0. 3935 
295 0 . 3763 445 0. 4007 
305 0 . 38 15 475 0. 4009 
315 0. 3730 485 0. 4063 
325 0. 3790 495 0. 4052 
335 0. 3745 505 0. 4049 
345 0. 3787 5 15 0 . 4049 
355 0. 3723 535 0. 3963 
365 0. 3826 545 0. 3954 
380 0. 3836 555 0. 3984 
395 0. 3867 565 0 . 4009 
405 0. 3964 575 0. 4024 
4 15 0 . 3937 585 0. 4036 
425 0. 3962 
. 
8Sa mpl e  slow ly eooled fro� ·650°c . 
bK = 97 . 55 j ou les/gm . -h r .  
TABLE X 
T ,  
cc. ' � · it!l!fYp. -OC, 
125 o. 3725 
1 35 0 . 3767 
145 0 . 3797 
155 0 . 3876 
165 0 . 39 25 
175 0 . 3985 
185 0 . 3962 
195 0 . 389 1 
205 0 . 3744 
2 15 0 . 3691 
315 0. 3692 
325 0. 3671 
340 0 . 3663 
355 0 . 3629 
365 0 . 3625 
375 0 . 3630 
asamp1e wa ter quenched from .-7DOOC . 
bk = 76 . 8 1 joule s/gm . -h r .  
6 1  
T ,  
· ·- ·S. ·  �· . . joule qa.-OC . 
385 o . 3698 
395 0 . 3768 
405 0 . 3848 
41 5. 0 , 3876 
430 0 . 3897 
445 0 . 3896 
455 0 . 3896 
465 0 . 3905 
475 0 ;. 3904 
485 0 . 3920 
495 0 . 3940 
505 0 . 3940 
5 15 0 . �954 
525 0 . 3948 
5 35 0 . 3971 
545 0 . 3990 
TABLE XI 
S PEC IFIC HEAT OF NICKEL-50 ATOMIC PER. CENT 
T . 
oc: jo��&.=oc• 
125 0 . 3699 
135 0. 3789 
145 0. 3832 
155 0 . 3869 
165 0 . 3948 
175 0 . 3989 
185 0 . 3972 
195 0 . 3906 
205 o . 376 1  
215  0 . 3697 
225 0. 3689 
235 0. 3668 
245 0 . 3658 
255 0 . 3655 
265 0 . 3655 
275 0 . 3663 
285 0 . 3667 
295 0 . 3686 
305 0 . 3684 
315 0 . 3675 
325 0. 3666 
335 0 . 3653 
345 0 . 3630 
asa mple wa �er quen.�h ec:J _!r�m '.�OOC . 
bk = 7 2 . 8  jou1es/gm . -h r .  
T ,  
� 
355 
365 
375 
385 
395 
405 
420 
435 
445 
455 
465 
475 
485 
495 
505 
5 15 
525 
5 35 
545 
555 
565 
575 
585 
6 2  
PALLADitJH, PART 7a ,b 
I I IIIII 
jou�g.-OC. 
0 . 3604 
0 . 3608 
0 . 3609 
0 . 3680 
0 . 3763 
0 . 3840 
0 . 3839 
0 . 3853 
0 . 3896 
0 . 39 35 
0 . 39 18 
0 . 3942 
0 . 3923 
0 . 396 1 
0 . 396 1 
0 . 3976 
0 . 3968 
0 . 4001 
0 . 4001 
0 . 4021 
0 . 4026 
0 . 4052 
0 . 4040 
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